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known about its mechanism. Kadowaki et
al. describe the roles of Derlins, p97, and
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Cells possess ER quality control systems to adapt to
ER stress and maintain their function. ER-stress-
induced pre-emptive quality control (ER pQC) selec-
tively degrades ER proteins via translocational
attenuation during ER stress. However, the molecu-
lar mechanism underlying this process remains un-
clear. Here, we find that most newly synthesized
endogenous transthyretin proteins are rerouted to
the cytosol without cleavage of the signal peptide,
resulting in proteasomal degradation in hepatocytes
during ER stress. Derlin family proteins (Derlins),
which are ER-associated degradation components,
reroute specific ER proteins, but not ER chaperones,
from the translocon to the proteasome through inter-
actions with the signal recognition particle (SRP).
Moreover, the cytosolic chaperone Bag6 and the
AAA-ATPase p97 contribute to the degradation of
ER pQC substrates. These findings demonstrate
that Derlins-mediated substrate-specific rerouting
and Bag6- and p97-mediated effective degradation
contribute to the maintenance of ER homeostasis
without the need for translocation.
INTRODUCTION
Secretory and transmembrane proteins are translocated into the
ER through cotranslational or post-translational approaches.
Correctly folded proteins exit the ER, and the proteins are either
targeted to the membrane or released from the cell surface
through the secretory pathway. Alterations in ER homeostasis944 Cell Reports 13, 944–956, November 3, 2015 ª2015 The Authorscause an accumulation of unfolded/misfolded proteins in the
ER and trigger ER stress, which can contribute to pathogenic
mechanisms of a variety of human diseases. ER homeostasis
is maintained by minimizing ER stress through two distinct stra-
tegies: (1) restoring folding capacity through the clearance of
unfolded/misfolded ER proteins and (2) limiting further protein
loading into the ER. The unfolded protein response (UPR), which
is mediated by three types of ER transmembrane receptors—
PERK, ATF6, and IRE1—activates transcription of genes encod-
ing ER chaperones and other proteins involved in ER-associated
degradation (ERAD). These concerted activities restore ER func-
tion by enhancing folding capacity and initiating degradation of
misfolded proteins. Among the systems used to limit protein
loading, the most well-characterized is translational attenuation
through the kinase activity of PERK, which phosphorylates the
a subunit of the eukaryotic translation initiation factor eIF2
(eIF2a) (Harding et al., 1999). Two different systems that limit
further protein loading into the ER have been reported: the selec-
tive degradation of ER-associated mRNAs via the endoribonu-
clease activity of IRE1 (Hollien and Weissman, 2006) and
the selective degradation of ER proteins by translocational atten-
uation during acute ER stress. The latter system is termed
pre-emptive quality control (pQC) (Kang et al., 2006) or cotrans-
locational degradation (Oyadomari et al., 2006). ER-stress-
induced pQC (ER pQC) is currently thought to occur as follows
(Kang et al., 2006; Oyadomari et al., 2006; Rutkowski et al.,
2007): (1) as a general mechanism of translocation for ER pro-
teins, the hydrophobic signal peptide of the nascent chain is
recognized by the signal recognition particle (SRP) after the
signal peptide emerges from a translating ribosome (Nyathi
et al., 2013); (2) during ER stress, translocation of selective pro-
teins is attenuated, possibly due to the contribution of ER luminal
factors, including the ER chaperone BiP (also known as glucose-
regulated protein [GRP] 78), after the ribosome-nascent chain
complex (RNC)-SRP complex docks onto the SRP receptor (SR);
(3) translationally attenuated nascent chains are released from
the translocon; and (4) the fully translated proteins are degraded
by the ubiquitin proteasome system (UPS). This cotranslational
rerouting of proteins from the translocation pathway to the
degradation pathway is thought to contribute to the protection
of cells against acute ER stress or to lead to conformational dis-
eases, such as those caused by prion protein (PrP) (Chakrabarti
et al., 2011; Kang et al., 2006; Oyadomari et al., 2006; Rane et al.,
2008). Thus, the ER pQC pathway might be a therapeutic target
for some conformational diseases. However, the molecular
mechanisms by which translocation of certain ER proteins is
attenuated, and the mechanisms by which ER pQC substrates
are discerned from other ER proteins and degraded, are still
obscure.
Derlin family proteins (Derlins) are components of the ERAD
machinery and are required for the retrotranslocation of
unfolded/misfolded proteins from the ER to the cytosol (Lilley
and Ploegh, 2004; Oda et al., 2006; Ye et al., 2004). Mammalian
Derlins (Derlin-1, Derlin-2, and Derlin-3) form homo- or hetero-
oligomers and interact with many ERAD components, such as
HRD1, SEL1L, Herp, VIMP, and p97 (Eura et al., 2012; Lilley
and Ploegh, 2005; Ye et al., 2005). Although Derlins and Der1
(a yeast homolog of mammalian Derlins) are potential retrotrans-
locon candidates, the components of the retrotranslocon com-
plex remain controversial (Mehnert et al., 2014; Schelhaas
et al., 2007). Derlins were also demonstrated to be inactivemem-
bers of the rhomboid family of intramembrane proteases and to
play essential roles in retrotranslocation through conserved
functional domains other than the catalytic domain (Greenblatt
et al., 2011). The interaction of Derlin-1 with SOD1 induces the
physiological or pathophysiological UPR due to the dysfunction
of Derlin-1 (Homma et al., 2013; Nishitoh et al., 2008). However,
the physiological roles of Derlins in ER quality control remain
controversial.
In the present study, we found that ER stress promoted the re-
routing of specific ER proteins to the cytosol without cleavage of
the signal peptide. Rerouting of signal-peptide-uncleaved ER
proteins, called ER pQC substrates, was mitigated by the dele-
tion of Derlins. Moreover, Derlins interacted with SRP and SR
during ER stress in addition to ER pQC substrates. Rerouted
ER pQC substrates were degraded by the UPS in a manner
dependent on the activities of p97 and Bag6. Collectively, these
findings illustrate the molecular mechanisms of the ER pQC
system, in which Derlins capture specific ER proteins from the
RNC-SRP complex and reroute ER pQC substrates from the
translocation pathway to the degradation pathway without
cleavage of their signal peptides. This process ultimately main-
tains ER homeostasis by increasing ER folding capacity.
RESULTS
Degradation of Newly Synthesized TTR by ER pQC
during ER Stress
Although ER pQC has been reported as an ER quality control
system, the physiological role of this system in the stress
response remains controversial. We first examined whether
transthyretin (TTR), a soluble nonglycosylated secretory protein,Ceis degraded by ER pQC during ER stress. Exogenously ex-
pressed TTR with a FLAG tag at the C terminus (TTR-FLAG)
was metabolically labeled with [35S]-methionine/cysteine. The
treatment of cells with thapsigargin (Tg) and MG132 induced
the expression of slowly migrating TTR (Figure 1A, lane 5, arrow-
head), which was also observed in the co-immunoprecipitation
(coIP) experiment (Figure 1B, lane 2, black arrowhead). To iden-
tify this slowly migrating TTR, TTR-FLAG mRNA was translated
in vitro using [35S]-methionine/cysteine. Premature signal-pep-
tide-uncleaved TTR (STTR) was synthesized in the absence of
canine microsomal membranes (Figure 1A, lane 1). Signal-pep-
tide-cleaved TTR (CTTR) was observed in the translation with
microsomal membranes (Figure 1A, lane 2, asterisk). Meta-
bolic-cell-labeling experiments indicated that the size of the
slowly migrating TTR induced by treatment with Tg and
MG132was similar to that of STTR synthesized in vitro (Figure 1A,
lanes 1 and 5, arrowhead). In addition to the above findings,
given that the size difference between the higher band and the
lower band of TTR was approximately 2 kDa, we hypothesized
that the higher band of TTR was STTR. To investigate this idea,
we used an expression plasmid for FLAG-TTR with a FLAG tag
at the N terminus (Figure S1). An anti-FLAG antibody (Ab) recog-
nized the higher band (Figure 1B, arrows), but not the lower band
(Figure 1B, white arrowhead) of FLAG-TTR, and the amount of
the higher band was increased by treatment with Tg and
MG132. These results strongly suggest that the higher band
was STTR, which resulted from failure to translocate into the
ER lumen during ER stress. We next investigated the intracellular
distribution of this STTR with an alkaline extraction experiment.
When isolated microsomes were subjected to alkaline extrac-
tion, STTR, but not CTTR residing in the ER lumen, was released
from the microsomes (Figure 1C, arrowhead and asterisk), simi-
larly to p97, which is peripherally associated with the ER
membrane but not the ER membrane protein Derlin-2. Taken
together, STTR proteins exist primarily in the cytosol and attach
to the ER membrane in the presence of ER stressor and protea-
some inhibitor.
To confirm the degradation of STTR as an ER pQC substrate
under more-physiological conditions, we examined the accumu-
lation of endogenous TTR proteins in HepG2 hepatocytes. TTR
was secreted into the culture medium (Figure 1D, lane 8), and
the amount of secreted TTR was dramatically decreased by
treatment with ER stressors (Tg or tunicamycin [Tm, an inhibitor
of N-glycosylation in the ER]; Figure 1D, lanes 9–12). The
ER-stress-induced decreasing amount of TTR in the cell lysate
was restored by treatment with MG132 (Figure 1D, lanes 3–6,
asterisk). These observations suggest that TTR is misfolded, ac-
cumulates in the ER, and is degraded by ERAD during ER stress.
Moreover, a small amount of slowly migrating TTRwas observed
in the cells treated with ER stressors and MG132 (Figure 1D,
lanes 4 and 6, arrowhead), suggesting that endogenous TTR is
directly degraded by ER pQC during ER stress. However, an
immunoblotting (IB) experiment revealed much less STTR than
CTTR under ER stress (Figure 1D, lanes 4 and 6). To investigate
the ratio of newly synthesized STTR to newly synthesized CTTR,
which is indicative of ER-stress-induced rerouting of TTR to the
cytosol without cleavage of the signal peptide, we performed a
pulse-labeling experiment using an Ab against endogenousll Reports 13, 944–956, November 3, 2015 ª2015 The Authors 945
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Figure 1. ER-Stress-Induced Accumulation
of Signal-Peptide-Uncleaved TTR in the
Cytosol
(A) In-vitro-translated [35S]-labeled TTR-FLAG was
prepared in the absence or presence of canine
microsomes (lanes 1 and 2). HEK293 cells
were transfected with TTR-FLAG, treated with/
without 20 nM Tg and/or 100 nM MG132 for
16 hr, and metabolically labeled with [35S] methi-
onine/cysteine (lanes 3–5). In-vitro-translated
[35S]-labeled TTR-FLAG and lysates from pulse-
labeled HEK293 cells were IPed with anti-FLAG Ab
and analyzed by autoradiography.
(B) HEK293 cells were transfected with TTR-FLAG
or FLAG-TTR-HA (Figure S1) and treated with/
without 50 nMTg and 200 nMMG132 for 16 hr. Cell
lysates were analyzed by IP-IB or IB (input) with
the indicated Abs. Herp was analyzed as an
ER-stress-inducible marker protein. Actin was
analyzed as the loading control protein. Arrows,
signal-peptide-uncleaved N-terminal FLAG-
tagged TTR; asterisks, signal-peptide-cleaved
C-terminal FLAG-tagged TTR; black arrowhead,
signal-peptide-uncleaved C-terminal FLAG-tag-
ged TTR; white arrowhead, signal-peptide-
cleaved N-terminal FLAG-tagged TTR.
(C) HEK293 cells transfected as indicated were
treated with 100 nM Tg and 100 nM MG132 for
16 hr. The microsomes from HEK293 cells were
isolated from post-nuclear and post-mitochondria
homogenates by ultracentrifugation. For alkaline
extraction, the microsomes were incubated with
100 mM Na2CO3 (pH 7.5 or pH 10.9), pelleted,
solubilized, and analyzed by IP-IB or IB with the
indicated Abs. Arrowhead, STTR; asterisk, CTTR.
(D) HepG2 cells were treated with/without 20 nM
Tg, 20 ng/ml tunicamycin (Tm), and/or 100 nM
MG132 in the indicated combinations for 16 hr.
Cell lysates and medium samples were analyzed
by IP-IB with the indicated Abs. Aliquots of lysates
were analyzed by IB with the indicated Abs.
Arrowhead, STTR; asterisk, CTTR.
(E) HepG2 cells were treated with/without 20 nM
Tg, 20 ng/ml Tm, and/or 100 nM MG132 in the
indicated combinations for 12 hr and metabolically
labeled with [35S]-methionine/cysteine with/
without Tg or Tm and MG132 for 4 hr. Cell lysates
andmedium samples were subjected to IP with the
indicated Abs. Samples resolved using SDS-PAGE
were analyzed by autoradiography. Lysates from
simultaneously cultured non-labeled cells were
analyzed by IB with the indicated Abs. Arrowhead,
STTR; asterisk, CTTR.TTR. In the absence of stress, the signal peptide of TTR was
cleaved and mature TTR was secreted from the ER into the cul-
ture medium (Figure 1E, lane 8). Treatment with Tg or Tm largely
inhibited the expression and secretion of TTR (Figure 1E, lanes 3,
5, 9, and 11), suggesting that synthesis of the TTR proteinmay be
prevented by ER-stress-induced translational attenuation to limit
further ER-protein-folding loads. However, we surprisingly found
that proteasome inhibition induced the accumulation of STTR,
but not CTTR (Figure 1E, lanes 4 and 6). These results strongly
suggest that the majority of TTR proteins, which are newly syn-
thesized due to leakage from the translational attenuation during946 Cell Reports 13, 944–956, November 3, 2015 ª2015 The AuthorsER stress, are directly and effectively degraded during such
stress without translocation into the ER and cleavage of the
signal peptide. In addition to the canonical ER quality control
systems—i.e., (1) translational attenuation, (2) refolding by ER
chaperones, and (3) ERAD—ER pQC may make a major contri-
bution to limiting the further loading of proteins into the ER.
Signal-Peptide-Uncleaved ER pQC Substrates Are
Degraded by the UPS
To address the generality of the ER pQC, we examined whether




Figure 2. ER-Stress-Induced Ubiquitination
of ER pQC Substrates
(A) HEK293 cells transfected as indicated were
treatedwith/without 100 nMTg and 100 nMMG132
for 16 hr. Cell lysates were IPed with an anti-FLAG
Ab. IPed beads were digested with PNGase F
and analyzed by IB with anti-a1AT Ab. Aliquots of
lysates were analyzed by IB with the indicated
Abs. 0CHO, deglycosylated a1AT; 3CHO, tri-gly-
cosylated a1AT; arrowhead, Sa1AT; asterisk,
mono-glycosylated, di-glycosylated, or unidenti-
fied a1AT.
(B and C) HEK293 cells transfected as indicated
were treated with/without 100 nM Tg and/or
100 nM MG132 for 16 hr. Cell lysates were
analyzed by IB with anti-a1AT Ab (B). His-NHKQQQ-
FLAG was precipitated with Ni-NTA beads, dena-
tured by boiling in lysis buffer containing 1% SDS,
and analyzed by IP-IB with the indicated Abs (C).
Arrowheads, SNHKQQQ; asterisk, CNHKQQQ.
(D) HEK293 cells transfected as indicated were
treated with 50 nM Tg and 200 nMMG132 for 16 hr.
FLAG-TTR-Myc was IPed with anti-FLAG Ab, de-
natured by boiling in lysis buffer containing 1%
SDS, and re-IPed with anti-FLAG Ab. Aliquots of
lysates were analyzed by IB with the indicated Abs.
Arrowheads, STTR; asterisk, CTTR.the signal peptide during ER stress. Wild-type a1-antitrypsin
(a1AT) possesses three glycosylation sites (Figure S1). Treat-
ment with Tg and MG132 enhanced the deglycosylation of
a1AT (Figure 2A, left upper panel, ‘‘0CHO’’), suggesting that
ER stress accelerates the retrotranslocation of a1AT. ER stress
also induced the additional expression of three modified a1AT
proteins between tri-glycosylated a1AT (3CHO) and deglycosy-
lated a1AT (0CHO) (Figure 2A, left upper panel, asterisks).
Two of these three bands were thought to be mono- or di-gly-
cosylated a1AT, although one of them may not have been
glycosylated a1AT. These a1AT proteins were assessed in anCell Reports 13, 944–956,immune-complex-coupled in vitro endo-
glycosidase assay using the Ab against
an N-terminal FLAG tag (Figure S1).
Treatment with Tg and MG132 induced
the accumulation of Sa1AT, which was
not deglycosylated by PNGase F, sug-
gesting that a1AT is degraded as an ER
pQC substrate (Figure 2A, arrowhead).
Next, we examined whether the mutant
protein is also degraded by ER pQC using
the null Hong Kong (NHK) mutant protein
of a1AT (Figure S1), which is misfolded in
the ER and degraded by ERAD. To elimi-
nate the possibility of glycosylation, we
used a mutant a1AT lacking the N-glyco-
sylation sites, NHKQQQ (Figure S1). The
slowly migrating NHKQQQ was induced
by treatment with Tg and MG132 (Fig-ure 2B, arrowhead). These results suggest that not only wild-
type a1AT but also mutant a1AT are rerouted to the cytosol
and degraded as ER pQC substrates during ER stress. Because
the accumulation of Sa1AT, SNHK, and STTR was observed
after treatment with MG132, we examined whether the signal-
peptide-uncleaved ER pQC substrates are polyubiquitinated.
Treatment with Tg increased the amount of ubiquitinated
N-terminal His-tagged NHKQQQ (Figure S1) and FLAG-TTR in
the presence of a proteasome inhibitor (Figures 2C and 2D),
suggesting that ER pQC substrates are ubiquitinated prior to





Figure 3. Requirement of Bag6, p97, and
Derlins for ER pQC
(A and B) HEK293 cells were transfected with
siRNA against control (ctrl), Bag6, or p97 and TTR-
FLAG (A). HEK293 cells (WT) or Derlin-1, -2, and -3
triple knockout cells (TKO) transfected with FLAG-
TTR-HA (B) are shown. Cell were treated with/
without 50 nM Tg and 200 nMMG132 for 16 hr. Cell
lysates were analyzed by IB with the indicated Abs.
(C) WT, Derlin-2KO (2KO), Derlin-3KO (3KO), and
TKO HEK293 cells were treated with 20 nM Tg for
14 hr. Cell lysates were analyzed by IB with the
indicated Abs. Because the sequence of Derlin-3
antigen region (C-terminal) is similar to that of
Derlin-2 C-terminal, anti-Derlin-3 Ab recognizes
not only Derlin-3 but also Derlin-2. Arrow, Derlin-2;
white arrowhead, Derlin-3.
(D) WT or TKO HEK293 cells transfected with
siRNA against control (ctrl), Bag6, or p97 and
FLAG-TTR-HA (Figure S1) were treated with/
without 50 nM Tg and 200 nMMG132 for 16 hr. Cell
lysates were analyzed by IB with the indicated Abs.
Arrowhead, STTR.
(E) HepG2 cells transfected with siRNA against
control (ctrl), Bag6, or p97 were treated with/
without 20 nM Tg and 100 nMMG132 for 12 hr and
metabolically labeled with [35S]-methionine/
cysteine for 4 hr. Cell lysates were IPed with anti-
TTR Ab. Samples resolved using SDS-PAGE were
analyzed by autoradiography. Lysates from simul-
taneously cultured non-labeled cells were analyzed
by IB with the indicated Abs. Arrowheads, STTR;
asterisk, CTTR. Expression of STTR was calculated
and shown as a ratio relative to those of STTR
and CTTR.Requirement of Bag6, p97, and Derlins for ER pQC
Bag6 contributes to the degradation of newly synthesized defec-
tive polypeptides, mislocalized proteins, and ERAD substrates
through its holdase activity, which shields the hydrophobic or
transmembrane domains of mislocalized or retrotranslocated
substrates (Claessen and Ploegh, 2011; Hessa et al., 2011; Min-
ami et al., 2010; Wang et al., 2011; Xu et al., 2012). We therefore
assessed the requirement of Bag6 for ER pQC using small inter-
fering RNA (siRNA) against Bag6, which effectively suppressed
the expression of Bag6 protein (Figure 3A, second panel).
Bag6 siRNA increased the accumulation of CTTR, which is
degraded as an ERAD substrate during ER stress, suggesting
that Bag6 contributes to the degradation of ER luminal sub-
strates (Figure 3A, lanes 3 and 4, asterisk). Interestingly, accu-
mulation of STTR was observed with Bag6 depletion, even in
the unstressed cells (Figure 3A, lane 3, arrowhead). In the
ERAD pathway, substrates emerge into the cytosol through ret-948 Cell Reports 13, 944–956, November 3, 2015 ª2015 The Authorsrotranslocation and are ubiquitinated by
the E3 ligases (Brodsky, 2012; Ruggiano
et al., 2014). Polyubiquitinated ERAD
substrates are captured by p97 as a result
of its ATPase activity and degraded by the
proteasome (Rabinovich et al., 2002;
Richly et al., 2005; Ye et al., 2001). Wetherefore speculated that the degradation of ER pQC substrates
might also require p97. To test this possibility, we examined
whether the reduction in p97 expression inhibits the degradation
of ER pQC substrates. siRNA effectively suppressed the expres-
sion of p97 protein (Figure 3A, third panel) and inhibited the
degradation of the ERAD substrate (Figure 3A, lanes 5 and 6,
asterisk). p97 siRNA also enhanced the accumulation of STTR
similarly to Bag6, even in the absence of Tg and MG132 (Fig-
ure 3A, lane 5, arrowhead). The requirement of Bag6 and p97
was confirmed by using other ER pQC substrates, NHKQQQ-
FLAG (Figure S2A) and FLAG-NHKQQQ (Figure S2B). Moreover,
we examined whether the catalytically inactive form of p97
(p97QQ) inhibits the degradation of ER pQC substrates. Consis-
tent with previous reports (Ye et al., 2003), p97QQ retarded the
retrotranslocation of the ERAD substrate, which was detected
by the delayed deglycosylation of a1AT (Figure S2C, third panel).
p97QQ also enhanced the accumulation of Sa1AT, even in
unstressed cells (Figure S2C, top and second panels). Pulse-
chase experiments showed that SNHKQQQ was degraded with
a half-life of about 1 hr in control siRNA-transfected cells (Fig-
ure S2F). In contrast, p97 and Bag6 siRNAs significantly delayed
the degradation of SNHKQQQ (Figures S2D and S2F). Moreover,
the degradation of SNHKQQQ was significantly accelerated and
retarded by overexpression of p97WT and p97QQ, respectively
(Figures S2G and S2H). Collectively, these results strongly sug-
gest that the directional flow of ER pQC substrates is mediated
by the activity of p97 and Bag6.
Derlin-1 is a p97-interacting membrane component of the
ERAD machinery (Lilley and Ploegh, 2004; Ye et al., 2004).
Because p97 and Bag6 contribute to the degradation of ERAD
substrates, we hypothesized that Derlins function not only in
ERAD but also in ER pQC. Mammalian Derlins consist of three
isoforms, Derlin-1, Derlin-2, and Derlin-3 (Lilley and Ploegh,
2005; Oda et al., 2006). To assess the requirement of Derlins
for ER pQC, we disrupted the Derlin-1, Derlin-2, and Derlin-3
genes in HEK293 cells using clustered regularly interspaced
short palindromic repeat (CRISPR)/CRISPR-associated 9
(Cas9)-based genome editing system. Deficiency of each Derlin
was confirmed by IBwith Abs against Derlin-1, Derlin-2, andDer-
lin-3 (Figures 3B and 3C). The frameshift mutations in Derlin-1,
Derlin-2, andDerlin-3were verified by genomic DNA sequencing
(Figure S2I). Interestingly, the accumulation of STTR was clearly
inhibited by deletion ofDerlin-1,Derlin-2, andDerlin-3 (Figure 3B,
lane 4, arrowheads). Similar results were obtained from the
experiment using FLAG-NHKQQQ (Figure S2J). To exclude the
possibility of a clonal effect of Derlin-1, Derlin-2, and Derlin-3 tri-
ple knockout (TKO) cells, the requirement of Derlins for ER pQC
was confirmed by using siRNAs against Derlin-1, Derlin-2, and
Derlin-3 (Figure S2K). Depletion of Derlins caused the opposite
effect of depletion of Bag6 and p97. Thus, it is conceivable
that p97 and Bag6 act downstream of Derlins-mediated rerout-
ing and contribute to the directional flow of rerouted ER pQC
substrates to the proteasome. To investigate this idea, we per-
formed knockdown experiments in TKO cells. Bag6 or p97
siRNA-mediated accumulation of ER pQC substrates (STTR
and SNHKQQQ) was completely ablated in TKO cells (Figures
3D, lanes 4–7, arrowhead, and S2L, lanes 4–7, arrowhead). On
the other hand, Bag6 or p97 knockdown had no effect on the
expression of signal-peptide-uncleaved ER pQC substrates in
TKO cells (Figures 3D, lanes 3, 5, and 7, and S2L, lanes 3, 5,
and 7). Next, we examined the requirement of Derlins, Bag6,
and p97 for the ER-stress-induced rerouting of newly synthe-
sized endogenous TTR in HepG2 cells. Depletion of Derlins,
but not Bag6 and p97, decreased the expression of STTR and
increased the expression of CTTR (Figure 3E, top panel, lane
4). Collectively, our findings strongly suggest that Derlins posi-
tively reroute ER pQC substrates prior to the proteasomal degra-
dation, which is mediated by Bag6 and p97.
Derlins Capture and Reroute ER pQC Substrate
Because Derlins are required for the rerouting of ER pQC sub-
strates, we next examined whether Derlin-1, Derlin-2, or Derlin-
3 interacts with the rerouted proteins. Overexpression of Derlins,
especially Derlin-1 and Derlin-3, clearly enhanced the accumula-
tion of SNHKQQQ (Figure 4A, input IB:a1AT panels, lanes 2–10,Ceblack arrowheads). All Derlins, but not other ER membrane
protein (e.g., IRE1a; Figure S3A), strongly interacted not only
with CNHKQQQ (ERAD substrate) but also with SNHKQQQ (ER
pQC substrate; Figure 4A, top two panels, white arrowheads),
suggesting that Derlins may capture ER pQC substrates in the
rerouting step. The treatment with Tg enhanced the accumula-
tion of SNHKQQQ in the Drelin-2- or Derlin-3-, but not Derlin-1-,
transfected cells (Figure 4A, IB:a1AT panels, lines 6 and 9).
Because the primary structure of Derlin-1 C-terminal region
(CT) is largely different from that of Derlin-2CT or Derlin-3CT
(Nishitoh et al., 2008), these differences might be responsible
for the efficiency of rerouting and degradation of ER pQC sub-
strates by some mechanisms (e.g., the recruitment of the degra-
dation components to Derlin-1). We confirmed the interaction
between ER pQC substrates and Derlins by IP of FLAG-TTR.
Interaction of STTR with exogenous or endogenous Derlins
was clearly observed in FLAG-TTR-transfected HEK293 cells
(Figures 4B and 4C). Although some differences were observed
in the intensity of interaction between ER pQC substrate and
Derlins, all of Derlin single knockout cells exhibit no decrease
of ER-stress-induced SNHKQQQ expression (Figure S3B), sug-
gesting that each Derlin has the redundant function in rerouting
of ER pQC substrates. Interestingly, endogenous Bag6 and
p97 were also co-immunoprecipitated (coIPed) with STTR
(Figure 4C). These observations suggest that ER pQC substrates
may experience attenuated translocation into the ER via entrap-
ment by Derlins and be sequentially transferred to the protea-
some pathway by Bag6 and p97.
Because Derlin-1 and Derlin-2 interact with p97 in their CT
cytosolic regions (Greenblatt et al., 2011), exogenously overex-
pressed Derlins might have a dominant-negative effect on the
flow of ER pQC substrates through their interaction with p97.
To eliminate this possibility, we mutated Derlin-1 and Derlin-2
to delete the p97-binding domain (Derlin-1DCT and Derlin-
2DCT, respectively). Although the dominant-negative form of
p97 itself enhanced the accumulation of ER pQC substrates
(Figure S2C), deletion of p97-binding domain had no effect on
Derlins-induced accumulation of and interaction with ER pQC
substrates (Figure 4A, lanes 11–16, black and white arrow-
heads), suggesting that the interaction with p97 is not necessary
for the Derlin-mediated rerouting step.
Evasion of ER Chaperones from ER pQC
One of the UPRs is the induction of factors involved in ER protein
folding and ERAD, thereby increasing the protein folding capac-
ity in the ER. We hypothesized that ER luminal factors, which are
requisite components for ER quality control, may evade degra-
dation by ER pQC.We therefore examinedwhether the ER chap-
erones, BiP, GRP94, calreticulin (CRT), and PDI, are degraded
without cleavage of the signal peptide during ER stress. Because
CRT and GRP94 possess glycosylation sites (Figure 5A, white
arrows), these immune complexes were subjected to an
in vitro endoglycosidase assay. Interestingly, overexpression of
Derlins and treatment with Tg and MG132 had no effect on the
migration of BiP, GRP94, or PDI (Figures 5A, lanes 4, 12, and
16, and S4, lanes 4, 6, 10, 12, 16, and 19). These observations
suggest that these proteins are able to escape from Derlin-
mediated rerouting and translocate into the ER. However,ll Reports 13, 944–956, November 3, 2015 ª2015 The Authors 949
AB C
Figure 4. Derlins Capture the ER pQC Sub-
strates
(A) HEK293 cells transfected as indicated were
treated with/without 50 nM Tg and/or 200 nMMG132
for 16 hr. Cell lysates were analyzed by IP-IB or IB
with the indicated Abs. Arrowheads (black and white),
SNHKQQQ (ER pQC substrate); asterisks, CNHKQQQ
(ERAD substrate); Derlin-1DCT, Derlin-1 (aas 1–240);
Derlin-2DCT, Derlin-2 (aas 1–229).
(B) HEK293 cells were transfected with FLAG-TTR-
Myc (Figure S1) and Derlin1 (D1), -2 (D2), or -3 (D3)-
HA and treated with/without 50 nM Tg and/or 200 nM
MG132 for 16 hr. Cell lysates were analyzed by IP-IB
or IB with the indicated Abs.
(C) HEK293 cells in 150-mm dishes were transfected
with FLAG-TTR-HA (Figure S1) and treated with
50 nM Tg and 200 nM MG132 for 16 hr. Cell lysates
were analyzed by IP-IB or IB with the indicated Abs.
Black arrow, white arrow, black arrowhead, andwhite
arrowhead indicate coIPed endogenous Derlin-1,
Derlin-2, Bag6, and p97 with STTR, respectively.overexpression of Derlin-3 increased the accumulation of more
slowly migrating CRT proteins, which was enhanced by treat-
ment with Tg andMG132 (Figure 5A, lanes 6–8, arrowhead), sug-
gesting that CRT may be a candidate substrate of ER pQC. A
small number of CRT proteins are expressed in the cytosol or nu-
cleus (Levine et al., 2005; Shaffer et al., 2005), and their functions
in these locations comprise binding to integrin (Leung-Hages-
teijn et al., 1994), nuclear export (Holaska et al., 2001), inhibiting
nuclear hormone receptor activity (Dedhar et al., 1994), and
binding to mRNA (Iakova et al., 2004). CRT was also known to
be required for immunogenicity of dying tumor cells by dendritic
cells via translocation from the ER to the plasma membrane950 Cell Reports 13, 944–956, November 3, 2015 ª2015 The Authors(Obeid et al., 2007). Compared with BiP,
GRP94, and PDI, CRT may emerge into
the cytosol more readily. Additional expres-
sion of ER luminal CRT may not be neces-
sary to increase ER folding capacity, and
newly synthesized CRT proteins during ER
stress might be directly degraded without
ER translocation due to the potentiation of
its emergence into the cytosol.
a1AT, NHK, TTR, and CRT, but not BiP,
GRP94, or PDI, were degraded by ER pQC
during ER stress. To investigate whether
the signal sequence is responsible for this
selectivity, we analyzed chimeric constructs
consisting of ER pQC substrates (NHKQQQ
and CRT) and BiP (Figure 5B). Native signal
peptides of BiP and NHKQQQ were replaced
with those from a1AT and BiP or CRT,
respectively (Figure 5B). These chimeric
constructs were predicted to possess signal
peptide cleavage sites that were the same
as the original cleavage sites (Figure 5B).
Replacement of the signal peptide of
NHKQQQ with that of CRT had no effect onthe accumulation of the signal-peptide-uncleaved form during
ER stress (Figure 5C, lane 12, arrowhead). Surprisingly, BiP-
NHKQQQ, a construct in which the native a1AT signal peptide
was replaced with that of BiP, accumulated as the signal-
peptide-uncleaved form during ER stress (Figure 5C, lane 9,
arrowhead). In contrast, replacement of the signal peptide of
BiP with that of a1AT did not disturb its translocation into the
ER (Figure 5C, lane 6). A great variety of signal peptides could
potentially cause translocation into the ER, and some ER pro-
teins are effectively translocated via the coordination of signal
peptides with their mature domain (Fons et al., 2003; Hegde
and Kang, 2008; Kim et al., 2002). Therefore, our combined
AB
C
Figure 5. ER Chaperones Evade the ER pQC
Pathway during ER Stress
(A) HEK293 cells transfected as indicated were stim-
ulated with/without 100 nM Tg and 100 nM MG132 for
16 hr. Cell lysates were subjected to IP with anti-FLAG
Ab. IPed samples were digested with/without PNGase
F and analyzed by IB with anti-FLAG Ab. Aliquots of
lysates were analyzed by IB with the indicated Abs.
White arrow, glycosylated proteins; white arrowhead,
SCRT.
(B) Schematic representations and N-terminal amino
acid sequences of BiP, a1AT (NHK andNHKQQQ), CRT,
and chimeric constructs. Arrows indicate the predicted
signal peptide cleavage sites analyzed using the
signalP 4.1 website (http://www.cbs.dtu.dk/services/
SignalP/). Red characters indicate sequences from
BiP. Blue characters indicate sequences from a1AT
(NHK and NHKQQQ). Green characters indicate se-
quences from CRT.
(C) HEK293 cells transfected as indicated were stim-
ulated with/without 100 nM Tg and 100 nM MG132
for 16 hr. Cell lysates were analyzed by IP-IB or IB with
the indicated Abs. Arrowheads, signal peptide-
uncleaved mutant forms of NHKQQQ.findings suggest that the destination of proteins that are translo-
cated into the ER or rerouted to the cytosol during ER stress may
not necessarily be decided only by their signal peptides but also
via matching with their mature domains.
ER-Stress-Induced Proximity of Derlins to SRP
In the cotranslational translocation pathway for the insertion of
ER proteins, SRP recognizes the signal peptide of a nascent
chain as it emerges from a translating ribosome (Nyathi et al.,
2013). The RNC-SRP complex is targeted to the ER membrane
through SR, resulting in the docking of the RNC complex to the
translocon. Because signal-peptide-uncleaved ER pQC sub-
strates emerged into the cytosol (Figure 1C) and interacted
with Derlin family members (Figure 4), Derlins may capture the
RNC-SRP complex during ER stress. To investigate this hypoth-
esis, we examined whether Derlins interact with SRP and SR.Cell Reports 13, 944–95Treatment of cells with Tg and MG132
induced or enhanced the interaction of Der-
lin-1, Derlin-2, or Derlin-3 with a 54-kDa sub-
unit of SPR (SRP54) (Figures 6A and S5) and
an SR b subunit (SRß) (Figure 6B). These data
suggest that the Derlin complex may be
coupled with the SRP-SR complex to reroute
ER pQC substrates from the translocation
pathway to the degradation pathway during
ER stress.
During cotranslational translocation, after
targeting of the RNC-SRP complex to SR,
the RNC complex must be released from
SRP to resume translation. Derlins interacted
not only with the SRP-SR complex (Figures
6A and 6B) but also with the fully translated
signal-peptide-uncleaved ER pQC sub-
strates (Figures 4A–4C). Therefore, we ques-tioned whether SRP could also associate with the full-length
ER pQC substrates. Surprisingly, treatment of cells with Tg
and MG132 clearly induced the interaction between SRP54
and C-terminal FLAG-tagged NHKQQQ (Figure 6C, top panel,
lane 2) in parallel with the accumulation of SNHKQQQ (Figure 6C,
lane 2, arrowhead). This interaction and accumulation were
enhanced by overexpression of Derlins (Figure 6C, lanes 3–8).
Because ER-targeted proteins must be released from SRP dur-
ing the conventional cotranslational translocation (Figure 7A), the
interaction between fully translated ER pQC substrates and
SRP54 might depend on Derlins. To confirm the interaction of
the Derlin complex with SRP under more-physiological condi-
tions, we examined the endogenous interactions between
SRP54 and Derlins in nontransfected HepG2 cells. The ER-
stress-induced endogenous interaction of SRP54 with Derlin-1
and Derlin-2 was clearly observed in the presence of6, November 3, 2015 ª2015 The Authors 951
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Figure 6. ER-Stress-Induced Proximity of
Derlins to SRP
HEK293 cells transfected as indicated were stim-
ulated with/without 100 nM Tg and 100 nMMG132
for 16 hr (A–C). HepG2 cells were stimulated with/
without 20 nM Tg, 20 ng/ml Tm, and/or 100 nM
MG132 (D). Cell lysates were analyzed by IP-IB or
IB with the indicated Abs. Arrowhead, SNHKQQQ.proteasome inhibitor (Figure 6D), suggesting that Derlins may be
transiently recruited to SRP by ER stress. Although it is uncertain
whether ER pQC substrates directly interact with SRP54 (Fig-
ure 6C), the interaction between Derlins and the SPR complex
might trigger the resumption of translation of the nascent chain,
eventually leading to the effective degradation of ER pQC
substrates.
DISCUSSION
Our findings reveal a mechanism employed by the ER pQC
pathway that contributes to the maintenance of ER homeostasis
without the need for translocation. ER stress induces cotransla-
tional rerouting of specific ER proteins (e.g., a1AT, NHK, TTR,
and CRT), but not BiP, GRP94, or PDI, from the ER translocation
pathway to the cytosolic degradation pathway. Cotranslationally
rerouted ER pQC substrates emerge into the cytosol without
cleavage of their signal peptides and are captured by Derlins.
During cotranslational translocation, the RNC-SRP complex is
targeted to the translocon by the interaction of SRP with SR, re-
sulting in the resumption of its translation (Figure 7A; Nagai et al.,
2003; Rapoport, 2007; Wild et al., 2004). Insertion into the ER is
highly dependent on cleavage of the signal peptide by signal
peptidase (Figure 7A; Nyathi et al., 2013). It is unclear how ER952 Cell Reports 13, 944–956, November 3, 2015 ª2015 The AuthorspQC substrates are fully translated
without access to signal peptidase during
ER stress. The translocational attenuation
of substrates may rely on ER luminal
factors, including BiP, during ER stress
(Kang et al., 2006; Rutkowski et al.,
2007). Together, these observations sup-
port the following hypothesis (Figure 7B,
model 1): (1) the RNC complex docks
with the translocon through the interac-
tion of SRP with SR; (2) the signal peptide
is released from SRP and immediately in-
serted into the translocon pore; (3) trans-
location into the ER lumen is attenuated
by ER luminal chaperones (e.g., BiP); (4)
the substrates are captured by Derlins,
which may be close to the translocon-
SR complex during ER stress; and (5)
the translated substrates emerge into
the cytoplasm and are then delivered
to the proteasome pathway. Another hy-
pothesis involves translocon-insertion-in-
dependent rerouting (Figure 7B,model 2):
(1) the RNC-SRP complex docks to theSR-Derlin family protein complex, but not to the translocon, dur-
ing ER stress; (2) the translation of ER pQC substrates may
resume after the dissociation of SRP from the ribosome; and
(3) the substrates are delivered to the proteasome pathway.
With regard to the hypotheses above, several elements remain
obscure. In the first hypothesis, it is unclear whether there is a
gap, which permits the capture of ER pQC substrates by Derlins,
between the translocon and ribosome. Additionally, it is unclear
how and why SRP54 interacts with the translationally completed
ER pQC substrates (Figure 6C). Because a signal peptide is im-
planted in the translocon pore in this hypothesis (Figure 7B,
model 1), it may be impossible for SRP54 to hold the signal pep-
tide of the ER pQC substrate. Thus, the interaction of ER pQC
substrates with SRP54 may occur through the ER pQC compo-
nent (e.g., Derlins), independent of their signal peptides. In the
second hypothesis, it remains puzzling how the ER pQC sub-
strates would be specifically sorted out from all of the ER-tar-
geted proteins without encountering the ER luminal factors
(e.g., BiP), meaning that unidentified cytosolic factors might
sort the ER pQC substrates (Figure 7B, model 2).
We investigated the recruitment of Derlins to the translocon
and found that exogenously expressed Derlins associated with
endogenous Sec61a (Figure S6A). Moreover, the interaction of
Sec61a with Derlin-1 or Derlin-3 was enhanced by ER stress
AB
Figure 7. Schematic Representation of the
Mechanism of ERpQC
(A) The translationally arrested RNC-SRP complex
is targeted to the translocon via the interaction of
SRP with SR, resulting in the resumption of its
translation. Newly synthesized peptide is co-
translationally inserted into the ER, followed by
cleavage of the signal peptide.
(B) ER pQC substrates are cotranslationally re-
routed to the cytosol and degraded by the UPS.
For the rerouting step, there are two possible
models. In model 1 (translocon insertion-depen-
dent rerouting), the translationally arrested RNC-
SRP complex docks with the translocon through
the interaction of SRP with SR for cotranslational
translocation. The signal peptide may be released
from SRP and transferred to the translocon pore.
The insertion may be attenuated by ER luminal
factors (e.g., BiP) during ER stress. Substrate that
failed to translocate into the ER is captured by
Derlins on the ER membrane and emerges into
the cytoplasm. In model 2 (translocon insertion-
independent rerouting), the translational arrested
RNC-SRP complex docks with the SR-Derlin
family protein(s) complex, resulting in the attenu-
ation of insertion of signal peptide into the trans-
locon. Translation of substrate resumes after the
dissociation of SRP from the ribosome. In the
degradation step, the flow of ER pQC substrate is
maintained by the function of p97 and Bag6 and
subsequently degraded by the UPS.(Figure S6A). These findings were consistent with the data
from our mass spectrometry-based proteomics analysis using
Derlin-1-FLAG, Derlin-2-FLAG, or Derlin-3-FLAG as bait. To
further characterize the complex formed by the translocon,
SRP, and Derlins, nontransfected HEK293 cell extracts were
subjected to sucrose density gradient centrifugation. Derlin-1
was fractionated into broad peaks under the unstressed condi-
tion (Figure S6B, third panel from the bottom, fractions 6–13),
whereas Derlin-1 was mainly sedimented in the higher fractions
under ER stress (Figure S6B, bottom two panels, fractions
10–14), suggesting that ER stress induced the formation of a
high-molecular-weight ERAD complex that included Derlin-1
(Carvalho et al., 2006; Leitman et al., 2014). Interestingly, protea-
some inhibition induced the further migration of Derlin-1 to frac-
tions of rough ER marked with Sec61a in the ER-stressed cells
(Figure S6B, bottom panel, fractions 15–17). Although further
investigation is necessary to clarify the precise mechanism byCell Reports 13, 944–956,which ER pQC substrates are cotransla-
tionally rerouted from the translocation
pathway to the degradation pathway,
the close proximity of Derlins to the trans-
locon might contribute to the initial steps
in the ER pQC pathway. This proximity
may enable to share the cytosolic degra-
dation machinery (e.g., Bag6 and p97)
between ERAD and ER pQC. BAP31
functions as an ER protein-sorting factor,
which delivers the newly synthesizedERAD substrate (CFTRDF508) to the degradation pathway via
interaction with the Sec61 and Derlin-1 (Wang et al., 2008).
Because BAP31 knockdown by siRNA had no effect on the
accumulation of ER pQC substrates (Figures S6C and S6D), a
BAP31-independent pathway might contribute to sort a subset
of ER pQC substrates from all ER-targeted proteins.
In the ERAD pathway, Bag6 contributes to the degradation of
substrates through its holdase activity, which shields hydropho-
bic or transmembrane domains of retrotranslocated substrates,
and p97 captures ubiquitinated ERAD substrates via its ATPase
activity (Rabinovich et al., 2002; Wang et al., 2011; Xu et al.,
2012; Ye et al., 2001). The depletion of Bag6 and p97 clearly
enhanced the accumulation of ER pQC substrates (Figure 3A),
which was completely abrogated by the depletion of Derlins (Fig-
ure 3D). Thus, it is conceivable that Bag6 acts downstream of the
Derlin complex and contributes to the directional flow of ER pQC
substrates with its holdase activity. This Bag6-mediatedNovember 3, 2015 ª2015 The Authors 953
directional flow would inhibit aggregation of ER pQC substrates
during the p97-dependent transfer of ubiquitinated ER pQC sub-
strates from the Derlin-E3 ligase complex to the proteasome
(Figure 7B; ‘‘degradation step’’). Because both Bag6 and p97
have the ability to interact with Derlins (Claessen and Ploegh,
2011; Ye et al., 2004), the rerouted ER pQC substrates may be
effectively degraded by these cytosolic ERAD components.
Bag6 is also involved in the insertion of the tail-anchored mem-
brane protein into the ER (Leznicki et al., 2010; Mariappan
et al., 2010) and the elimination of mislocalized proteins that
fail to insert their hydrophobic domains into the translocon
(Hessa et al., 2011; Minami et al., 2010). Thus, we cannot rule
out the possibility that Bag6 functions as a protein sorter to
isolate ER pQC substrates from all ER proteins during the co-
translational rerouting step. However, at the very least, the re-
sults from the signal peptide swapping experiments in Figure 5C
suggest that substrate selectivity during the rerouting step may
be independent of the recognition of hydrophobic signal peptide
by Bag6.
It will be important to identify the E3 ligase that ubiquitinates
ER pQC substrates. ERAD components, i.e., Derlins, Bag6,
and p97, are at least partially required for the directional flow
of ER pQC substrates. Therefore, the ER-localized E3 ligases
(e.g., HRD1, gp78, RMA1, TEB4, and TMEM129) that comprise
the ERAD complex might also contribute to ER pQC. Another
possibility is the cytosolic E3 ligase. Notably, the ribosome-
bound E3 ligase Listerin is required for nascent chain degrada-
tion (Shao et al., 2013). Ltn1 (the yeast ortholog of Listerin) and
Cdc48 (the yeast ortholog of p97) form a stable complex with
the ribosomal subunit and contribute to the ubiquitination and
extraction of the nascent chain (Bengtson and Joazeiro, 2010;
Brandman et al., 2012). Moreover, RNF126 has been shown
to contribute to the cytosolic quality control of mislocalized pro-
teins by cooperating with Bag6 (Rodrigo-Brenni et al., 2014). Lis-
terin or RNF126 might be a candidate for the ER pQC E3 ligase.
In conclusion, we have demonstrated the mechanism of ER
pQC that controls protein loading into the ER through Derlins-
mediated rerouting, p97- and Bag6-mediated transport, and
proteasomal degradation of specific ER proteins (not including
ER chaperones, e.g., BiP, GRP94, and PDI) under the ER stress
condition. This Derlins-mediated ER pQC system may function
as a barrier to protect the ER from protein loading due to the
leaky translation of ER proteins, which may not be necessary
for ER quality control, during acute ER stress. Cytosolic expres-
sion of ER proteins by ER pQC contributes to the pathogenesis
of neurodegenerative diseases (Chakrabarti et al., 2011; Rane
et al., 2008, 2010), and small molecules against the ER pQC
pathway have been screened (Kim et al., 2013). Thus, further
studies should clarify the precise mechanisms underlying ER
pQC to enhance the identification and understanding of thera-
peutic targets for ER-stress-related diseases.EXPERIMENTAL PROCEDURES
Well-characterized experimental procedures (cell culture, transfection, siRNA
knockdown, RT-PCR, IB, and IP) and materials such as plasmids, Ab, siRNA,
and primers used in this study are described in the Supplemental Experimental
Procedures.954 Cell Reports 13, 944–956, November 3, 2015 ª2015 The AuthorsIn Vitro Translation and Metabolic Labeling
TTR-FLAGwas labeled with [35S]-methionine/cysteine using the TNT Reticulo-
cyte Lysate System (Promega) in the presence or absence of canine micro-
somes (Promega). Transfected HEK293 cells with TTR-FLAG or HepG2 cells
were labeled with [35S]-methionine/cysteine in medium lacking methionine
and cysteine. The cells were lysed in lysis buffer (20 mM Tris-HCl [pH 7.5],
150 mM NaCl, 5 mM EGTA, and 1% Triton X-100) containing 1 mM PMSF.
Ab against FLAG (for exogenous TTR) or TTR (for endogenous TTR) was
used for IP. IPed samples were resolved by SDS-PAGE and analyzed by auto-
radiography. The radioactivities of TTR proteins in each lysate were measured
by BAS image analyzer (Fuji). Expression of STTR was calculated and is shown
as a ratio relative to that of total TTR proteins (STTR and CTTR).
Glycosidase Digestion
Cell lysates were IPed with anti-FLAG M2 Ab affinity gel. Washed beads were
incubated with denaturing buffer containing 0.5% SDS and 40 mM DTT
at 98C for 10 min and with PNGase F (New England Biolabs) at 37C for
1–3 hr. The reaction was stopped with the addition of SDS-PAGE sample
buffer.
Subcellular Fractionation
HEK293 cells were washed with PBS at 4C and were placed in ice-cold ho-
mogenization buffer containing 10 mM Tris-HCl (pH 7.4), 50 mM NaCl, 1 mM
EDTA, and 1mMPMSF. The cells were homogenized with 40 strokes of a glass
pestle homogenizer on ice. Homogenates were centrifuged at 14,000 g for
7 min. Supernatants were centrifuged at 100,000 g for 1 hr to yield a micro-
somal pellet. This pellet was incubated with homogenization buffer containing
100 mM Na2CO3 (pH 7.5 or pH 10.9) for 5 min, centrifuged at 100,000 g for
30 min, solubilized, and analyzed by IP using anti-FLAG Ab and IB using Ab
against FLAG, HA or p97.
Ubiquitination Assay
Lysates from transfected HEK293 cells were precipitated with Ni-NTA beads
(QIAGEN) or anti-FLAG M2 Ab affinity gel. After washing with high-salt buffer
(20 mM Tris-HCl [pH 7.5], 500 mM NaCl, 5 mM EGTA, and 1% Triton X-100)
and low-salt buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 5 mM
EGTA), the beads were boiled in lysis buffer containing 1% SDS. The superna-
tant was diluted, IPed with anti-FLAG M2 Ab affinity gel, and analyzed by
SDS-PAGE.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2015.09.047.
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